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Rapid DNA fragmentation from hypoxia along the thick ascending limb
of rat kidneys. Extensive DNA fragmentation, a marker for programmed
cell death, was selectively and rapidly induced by hypoxia in the thick
ascending limbs of rat kidneys. In isolated perfused kidneys, DNA breaks
were present in medullary tubules as early as after 10 minutes of local
hypoxia and were prevented by reduction of metabolic work. In a model of
radiocontrast-induced acute renal failure, DNA breaks were detected
selectively along thick ascending limbs as early as 15 minutes following
insult, preceding overt morphological damage. Hypoxia induces rapid
DNA fragmentation along thick ascending limbs, where programmed cell
death could play an important role in nephron injury and kidney failure.
Acute renal failure may follow brief insults (such as transient
hypotension or radiocontrast injection) while morphologic evi-
dence of tubular necrosis is often sparse [11. Apoptosis (or
programmed cell death) is a physiological mode of cell disappear-
ance putatively designed to allow disposal of wastes with minimal
tissue reaction [2]. Abnormal activation of apoptosis may partic-
ipate in the response of various cells to a diversity of insults [3—6].
In isolated perfused rat kidneys, medullary thick ascending
limbs rapidly develop nuclear pyknosis, mitochondrial swelling
and cell fragmentation from local hypoxia [7]. Because these
morphological changes are already apparent in some tubules after
only 10 minutes of perfusion, these changes may reflect an active
process of cell injury of the kind observed in apoptosis. To explore
the response to hypoxia in the nephron, DNA fragmentation in
situ, a marker of apoptosis [8—10], was assessed in models of injury
to rat kidneys, using a histochemical technique based on terminal
deoxynucleotidyl transferase (TdT) reactivity with DNA breaks
[8, 11]. Extensive DNA fragmentation appeared within minutes of
hypoxia in thick ascending limbs of rat kidneys.
Methods
We used two models of renal injury characterized by hypoxic
damage to medullary tubules in Sprague-Dawley rats: isolated
perfusion of rat kidneys [7, 12, 13] and experimental nephrotox-
icity from radiocontrast material [14]. In these models, hypoxic
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injury to medullary thick ascending limbs is induced by tubular
transport activity in conditions of limited oxygen availability [7,
12] and may be associated in vivo with kidney failure [14—16].
Isolated rat kidney perfusion
In brief, after anesthesia with mactin (100 mg/kg), the right
kidney was cannulated, isolated and perfused for 10 to 30 minutes
by a Krebs-Henseleit medium, containing albumin (7.6 gIdl) and
glucose (5 mM/liter), equilibrated with 95% 02 and 5% C02,
unless specified otherwise, as previously reported in detail [7, 12,
13]. To modulate oxygen supply, kidneys were perfused either
with low °2 (0 to 12%) or with inclusion of erythrocytes (from rat
blood) in the perfusate (at a final hematocrit of 10%), as in
previous work [7] demonstrating the hypoxic nature of cell
damage to medullary thick ascending limbs in this model; medul-
lary hypoxia, an obligatory price the kidney pays for an efficient
urinary concentrating mechanism, is readily exacerbated during
isolated perfusion without erythrocytes.
To reduce tubular transport activity, kidneys were perfused with
ouabain or furosemide, added to the perfusate from the start of
the experiment (at i03 M), to inhibit NaCl reabsorption and
oxygen consumption by medullary thick limbs; alternatively, gb-
merular filtration was stopped ("non-filtering" kidney) using a
hyperoncotic perfusate (with an albumin concentration of 13
g/dl). Reduction of transport activity was applied in both instances
from the start and throughout the perfusion (for 10 to 30 mm).
These conditions have previously demonstrated the dependence
of hypoxic injury upon tubular transport activity in this model [13,
17].
Experimental nephrotoxicily from radiocontrast material
Following radiocontrast injection, rats preconditioned by com-
bined inhibition of prostanoids and nitric oxide synthesis consis-
tently develop acute renal failure with hypoxic medullary injury
[14]. In brief, under pentobarbital anesthesia (60 mg/kg), rats
were pretreated by indomethacin (10 mg/kg, i.v.) and L-NAME
(10 mg/kg, i.v.) before the administration of the radiocontrast
iothalamate (6 mI/kg, i.a.). Kidneys were examined for DNA
breaks, 15 to 30 minutes following the injection of radiocontrast.
All experiments with isolated perfusion or in vivo were per-
formed in quadruplicate.
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Fig. 1. Outer medulla of rat kidneys after isolated perfusion for 30 minutes with acellular perfusate equilibrated with 95% 02, stained for DNA breaks
following the method described by Gavtiel4 Sherman and Ben-Sasson [8/ and modified by Zager et al/il]. In (A), dark nuclei—indicating positive reactivity
for DNA fragmentation—are present in many tubules (thick ascending limbs), which endure regional hypoxic injury under isolated perfusion [71 In (B)
and (C), when tubular transport is reduced, nuclear staining for DNA breaks is markedly reduced or abolished. In (B), ouabain was added to the
perfusate (at i03 si) to inhibit Na,K-ATPase and to reduce hypoxic injury [13]. Figure 2C was obtained from a "non-filtering" kidney. The pcrfusate
was prepared hyperoncotic (with an albumin concentration of 13 gldl) to prevent glomerular filtration, tubular reabsorption and hypoxic damage [13].
Similarly, furosemide (at 10 M)—which inhibits NaCI reabsorption and oxygen consumption by medullary thick limbs—nearly abolished nuclear
staining for DNA breaks (not shown). x375, x375, x375.
Stain for DNA fragmentation
The stain for DNA fragmentation was identical to the stain
used in our previous work [11], based on our original "TUNEL"
method [8]. In brief, the tissue is fixed en bloc in buffered
formalin; after deparaffinization and hydration, the slide is
quenched with H303 in methanol. To strip the nuclear proteins,
the tissue is pre-incubated in TRIS-HC1 and then incubated with
proteinase K (20 jig/mI) for 15 minutes and washed. DNA
fragments are elongated and labeled with biotinylated poly dUTP,
introduced by terminal deoxynucleotidyl transferase, as previously
detailed [11]. Finally, bound biotin is stained by avidin-eonjugated
peroxidase, developed with nickel-enhanced diaminobenzidine
(see reference [ii] for details).
When applied to a normal control rat kidney, this stain shows
ooly very focal nuclear staining [11]. The same kidney, after in
vitro exposure to DNAase, shows extensive nuclear staining
indicative of DNA breaks [Ii]. These were negative and positive
controls regularly used along our work to test the validity of the
stain.
Results
As previously reported [8, 11], control rat kidneys showed only
very focal staining of nuclei indicative of DNA breaks (not
shown). By contrast, isolated perfused rat kidneys, equilibrated
with 95% 03, displayed distinct staining of nuclei indicative of
DNA breaks in medullary thick ascending limbs (Fig. 1A).
Nuclear signals of DNA fragmentation were observed as early as
after 10 minutes of perfusion, preceding the morphological evi-
dence of cell necrosis in medullary thick ascending limbs, ob-
served after perfusion fixation, in plastic sections [7, 18].
As shown in Figure 1 B and C, DNA breaks were eliminated by
reducing tubular transport activity and oxygen demand. This was
observed with ouabain or furosemide and in non-filtering kidneys,
conditions which have demonstrated the dependence of hypoxic
injury upon tubular transport activity in this model [12, 13, 17].
DNA fragmentation was exacerbated by perfusion with low 03
(Fig. 2A) and entirely prevented by inclusion of erythrocytes in
the perfusate (not shown). These conditions have previously
demonstrated the hypoxic nature of cell injury in this model [7]
because medullary hypoxia, an obligatory price the kidney pays for
an efficient urinary concentrating mechanism, is readily exacer-
bated during isolated perfusion without erythroeytes. These data
suggest that early phases of hypoxic damage in medullary tubules
are associated with DNA fragmentation characteristic of apopto-
sis [8—10].
Following radioeontrast injection, rats preconditioned by com-
bined inhibition of prostanoids and nitric oxide synthesis, consis-
tently develop acute renal failure with hypoxie medullary injury
[14]. In this model, as illustrated in Figure 2B, widespread nuclear
staining for DNA breaks was observed in medullary thick ascend-
ing limbs as early as 15 to 30 minutes following the injection of
radiocontrast. Some nuclear staining was also observed focally in
the cortex, along thick ascending limbs (not shown).
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Fig. 2. (A) Outer medulla of rat kidney after isolated perfusion for 30 minutes with 12% O stained fur DNA breaks following the method described by
Gavrzeli eta! [8] and modified by Zageret a! [11/. With severe oxygen deprivation, extensive staining of nuclei indicates reactivity for DNA fragmentation
in nearly all the medullary thick ascending limbs and in some cells of the collecting tubules (marked by *). x375. (B) Outer medulla of rat kidney, 30
minutes after an injection of radiocontrast, stained for DNA breaks [8, 111. The animal was predisposed to radiocontrast nephrotoxieity by combined
inhibition of prostaglandin and nitric oxide, as recently reported [141. In this model, medullary hypoxic injury is associated with acute renal failure 24
hours following the injection of radiocontrast [14]. Extensive staining of nuclei indicates reactivity for DNA fragmentation in nearly all medullary
tubules, as early as 15 to 30 minutes following the injection of radiocontrast. X375.
In the present experiments, both in vivo and in vitro, DNA Discuss ion
fragmentation examined by the "TUNEL" stain throughout the Extensive DNA fragmentation was observed to appear selec-
kidney, was found in essence exclusively in the thick ascending tively and rapidly in the thick ascending limbs of isolated perfused
limbs, kidneys, as early as after 10 minutes of local hypoxia, regularly
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induced in the medullary region, in this model [7]. DNA breaks
were remarkably prevented by reduction of metabolic, transport
work, in circumstances previously observed to reduce medullary
hypoxia [7, 12, 13, 17]. Not shown, the occurrence of DNA breaks
along thick ascending limbs were even observed in control kidneys
perfused-fixed with formalin for a few minutes (perfusion-fixation
is often used to improve the quality of tissue fixation but, in this
case, causes unintentional hypoxic perfusion of tubules). By
contrast, control kidneys fixed by en bloc fixation were consistently
negative for signals of DNA fragmentation. Global renal isch-
emia, which in itself stops glomerular filtration and protects the
medulla from anoxia [1], does not elicit significant DNA fragmen-
tation along the distal nephron [11]. While medullary hypoxia
occurs in global renal ischemia to a degree comparable to the
other modes of injury used in the present work, the major
difference derives from the remarkable protection of the thick
ascending limb from hypoxia by reduction of transport work.
Thus, global ischemia, resembling the insult of hypoxia in non-
filtering kidneys, does not reproduce the remarkably deleterious
effects of continued tubular work facing lack of oxygen [12, 13,
17]. Taken altogether, these data suggest that DNA damage may
be early and specifically induced by cell work in hypoxia along the
thick ascending limb.
In a model of radiocontrast-induced acute renal failure [141,
DNA breaks were again selectively detected along thick ascending
limbs, as early as 15 minutes following insult, preceding morpho-
logical evidence of overt cell necrosis in the same nephron
segment observed 24 hours later in nearly 50% of tubules [14].
Previous morphological studies of a comparable model have
indicated focal occurrence of dense cells and nuclear pyknosis in
medullary tubules [191, consistent with apoptotic death along the
distal nephron in response to hypoxic insult. While the relation-
ship between early DNA fragmentation and late cell necrosis was
not evaluated in the present observations, it seems conceivable
that these different patterns would be opposing, perhaps even
conflicting, responses of the distal nephron to hypoxia. Apoptosis
might be designed to prevent luminal obstruction by debris from
overt necrosis.
While an universally accepted biochemical or morphologic
marker for apoptosis is still lacking, it is also unclear whether early
genome digestion can be regarded as a specific marker of apop-
tosis, and the present findings should therefore be interpreted
with caution in relation to cell death. In both models described
here, DNA fragmentation was extensive and preceded structural
damage observed by standard morphology [7, 14], suggesting that
this is not a non-specific damage to nuclei observed in late phases
of any advanced cell injury. In fact, the gel electrophoresis of the
DNA extracted from cortex and medulla of perfused kidneys
appeared normal, with neither a smudging nor a laddering pattern
(not shown). As previously noted [8], our in situ stain for DNA
fragmentation is more sensitive than the detection of laddering of
the DNA on gel electrophoresis, perhaps in part because in early
phases of apoptosis DNA breaks may occur in single strands [20].
DNA breaks were noted selectively along thick ascending limbs
and as early as 10 to 15 minutes following the initiation of
medullary hypoxia with continued tubular work. These data
suggest that work in hypoxia induces rapid DNA fragmentation
along the thick ascending limb, possibly by accelerated activation
of a normal pattern of cell death. The selectivity of this mode of
injury for thick ascending limbs is supported by its absence along
proximal tubules after ischemia [11]. In response to oxygen
deprivation, proximal tubules typically develop cell necrosis [11,
21] in a pattern characteristically different from the response of
distal tubules [22]. The cell specificity of this rapid DNA fragmen-
tation response to work in hypoxia along the thick ascending limb
is further supported by the observation of apoptosis from hypoxia
in MDCK cells, a line of distal tubular origin [21], in contrast to
the appearance of necrosis in other renal structures [21] or in
melanoma cells [23].
While hypoxia generally produces cell necrosis, recent reports
suggest that it may also activate apoptosis in cardiac myocytes [241
and in renal tubular cells [25, 26]. Rapid DNA fragmentation by
hypoxia may involve activation of endonucleases [27], mediated
either by calcium entry [28, 291, by protein kinase-dependent
induction of nuclear factor KB [30] or perhaps by ceramide [31].
Immediate-early response genes, such as c-fos or Egr-1, up-
regulated in medullary tubules following ischemia [32], possibly
through hypoxic activation of protein kinases [33], may participate
in the nuclear events of programmed cell death [32, 34, 35].
Deficiency of the Bcl-2 gene causes fulminant apoptosis of
metanephric tubules and renal insufficiency [36]. Since tumor
necrosis factor is a prominent mediator in apoptosis [30, 31], it is
of interest that this cytokine is produced by medullary thick limbs,
possibly as an autocrine factor [31
In acute kidney failure following brief hypoxic and/or toxic
insults such as transient hypotension or radiocontrast injection,
evidence of tubular necrosis is often sparse, perhaps because
apoptosis causes rapid disappearance of cells, an event somewhat
difficult to detect by standard morphological techniques, although
sometimes noted [32]. Apoptosis may be triggered along the thick
ascending limb to dispose of wasted cells with minimal inflamma-
tory reaction and minimal luminal obstruction. A recent report
describes DNA fragmentation along medullary thick ascending
limbs in kidney biopsies of patients suffering from cyclosporine
nephrotoxicity [38]. Thus, programmed cell death (apoptosis) may
be rapidly and specifically activated along the thick ascending limb
following insults such as hypoxia and could play an important role
in nephron injury and kidney failure.
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